Human norovirus infections are the most common cause of acute nonbacterial gastroenteritis in humans worldwide, and glycan binding plays an important role in the susceptibility to these infections. However, due to the lack of an efficient cell culture system or small animal model for human noroviruses, little is known about the biological role of glycan binding during infection. Murine noroviruses (MNV) are also enteric viruses that bind to cell surface glycans, but in contrast to their human counterparts, they can be grown in tissue culture and a small animal host. In this study, we determined glycan-binding specificities of the MNV strains MNV-1 and CR3 in vitro, identified molecular determinants of glycan binding, and analyzed infection in vivo. We showed that unlike MNV-1, CR3 binding to murine macrophages was resistant to neuraminidase treatment and glycosphingolipid depletion. Both strains depended on N-linked glycoproteins for binding, while only MNV-1 attachment to macrophages was sensitive to O-linked glycoprotein depletion. In vivo, CR3 showed differences in tissue tropism compared to MNV-1 by replicating in the large intestine. Mapping of a glycan-binding site in the MNV-1 capsid by reverse genetics identified a region topologically similar to the histo-blood group antigen (HBGA)-binding sites of the human norovirus strain VA387. The recombinant virus showed distinct changes in tissue tropism compared to wild-type virus. Taken together, our data demonstrate that MNV strains evolved multiple strategies to bind different glycan receptors on the surface of murine macrophages and that glycan binding contributes to tissue tropism in vivo.
N
oroviruses are small nonenveloped, plus-sense RNA viruses in the calicivirus family. Infection with human norovirus is the most common cause of nonbacterial gastroenteritis worldwide (19, 20) . Although noroviruses infect a broad range of mammalian hosts, individual strains are species specific (reviewed in references 20 and 30) . Most human noroviruses belong to genogroup I or II (GI and GII), while murine norovirus (MNV) strains cluster in the fifth genogroup (GV) (20) . MNV is the only norovirus that efficiently grows in tissue culture (in macrophages and dendritic cells) and in a small animal host (31, 61, 62) . Many biological features, including fecal-oral transmission, replication in the intestine, and fecal shedding, are shared between murine and human noroviruses (30, 62) .
MNV is highly abundant in research mice (e.g., see references 26, 32, and 39). MNV-1 was originally isolated from immunocompromised mice (31) but was later shown to infect wild-type mice (9, 41) . MNV-1 infections in immunocompetent mice typically show no visible signs of disease, but mild gastroenteritis and inflammation have been described (41) , while MNV-1 infections can be lethal in mice with defects in the innate immune system, such as STAT-1 Ϫ/Ϫ mice (31) . Different clonal isolates of the original MNV-1 strain are available (58) . Of importance for this study are the MNV-1.CW3 and MNV-1.CW1 isolates, the latter being the basis for a reverse genetics system (60) . Compared to MNV-1.CW3, MNV-1.CW1 contains three mutations in open reading frame 1 (ORF1) and a mutation (K296E) in ORF2, the major capsid protein, which is linked to an attenuated lethality phenotype in STAT1 Ϫ/Ϫ mice (4, 61) . Additional strains, including CR3, have been isolated from feces from multiple wild-type or genetically modified mice (58) . Currently there are 56 fully sequenced MNV strains with ϳ70% nucleotide identity deposited in GenBank (NCBI), and all belong to GV. CR3 and other fecally isolated strains persist in wild-type mice over 35 days postinfection (dpi), while the MNV-1 strain is not detected in stool or tissues after 7 dpi (25, 58) .
Noroviruses recognize specific glycans present on proteins and lipids during host cell attachment. MNV-1 uses terminal sialic acids (SA) on the ganglioside GD1a (56) , while human norovirus strains have been shown to bind to different histo-blood group antigens (HBGA) (reviewed in references 15 and 53) and the proteoglycan heparan sulfate (50) . Glycans are synthesized by the enzymatic addition of monosaccharides, including fucose or SA, onto glycolipids and glycoproteins (1) . The majority of surface proteins are glycosylated, and most of them are N-glycosylated (18) . Because glycans are abundantly expressed on gastrointestinal and respiratory epithelial cells, they are exploited as receptors by many viruses, bacteria, and toxins (e.g., see references 2, 36, 43, 49, 54, 63) . Glycan composition differs greatly between species, tissues, and cell types and subsequently contributes to host specificity, tropism, and pathogenicity of many different pathogens (reviewed in references 5, 43, and 54). In the case of human noroviruses, successful infection is determined by the compatibility of individual strains with the specific HBGA expressed by the human host (reviewed in references 3, 7, 23) . Therefore, virus infection is restricted to a subset of susceptible individuals in the population (37, 38, 46) . Crystal structure analysis of human norovirus-HBGA binding revealed that glycan-binding sites are located in distinct conformational epitopes within the protruding (P) domain of the viral capsid protein VP1, but the location, conformation, and amino acid composition of the sites differ between the two major genotypes GI and GII (8, 11, 22, 44, 47) .
Despite the great importance of glycan binding in host susceptibility and evolution of human norovirus, the molecular mechanisms occurring during infection are poorly understood. Therefore, the comprehensive tools available for MNV, including tissue culture system (61), small animal host (31) , and multiple reverse genetics systems (10, 60, 64) , lend themselves to the study of the biological role of glycan binding during norovirus infection. We previously showed that the MNV strains MNV-1, WU11, and S99 bind terminal SA on the ganglioside GD1a on the macrophage surface in vitro (56) . We have now extended this analysis to another MNV strain, CR3, and additional glycan structures, mapped a functional glycan-binding site in the viral capsid, and studied the role of glycan binding in vivo.
MATERIALS AND METHODS
Cell culture and mice. HEK293T (293T) and RAW 264.7 (RAW) cells were purchased from ATCC and maintained as previously described (55, 61) . Wild-type C57BL/6 mice were purchased from Jackson Laboratory and housed at the University of Michigan animal facilities in accordance with federal and university guidelines. All mice used in this study were initially seronegative for anti-MNV antibodies, as determined by enzymelinked immunosorbent assay (ELISA) (61) .
Virus. MNV strains MNV-1 (GV/MNV1/2002/USA), plaque isolate CW3, and CR3 (GV/CR3/2005/USA) were used at passage 6. Recombinant viruses MNV-1.CW1 and MNV-1.RVSS were used at passage 2.
Reverse genetics. Mutagenesis of MNV-1.CW1 was based on the reverse genetics system by Ward and colleagues (60) . Site-directed mutagenesis was performed using the Quikchange XL kit (Stratagene) as described previously (57) . Mutations were introduced into the pMNV* vector containing the MNV-1.CW1 genome and confirmed by sequencing the capsid region. In accordance with previous literature (60), the asterisk refers to a silent mutation in ORF1 introduced in the reverse genetics system in all recombinant viruses. Mutations I439V and T441S in pMNV-1* were introduced with primers KY-134 and KY-135, generating pMNV*.VSS. The K345R mutation was introduced with the primers KY-131 and KY-132, generating pMNV*.K345R. The combined mutant pMNV*.RVSS was generated sequentially, introducing K345R into pMNV*.VSS using KY-131 and KY-132. The mutagenesis primers are shown in Table 1 . Recombinant viruses MNV-1.CW1, MNV-1.K345R, MNV-1.VSS, and MNV-1.RVSS were recovered by transfecting their respective plasmids into 293T cells as previously described (57) . Recombinant viruses were plaque purified three times and amplified in RAW cells. The presence of the mutation in the final working stock was confirmed by sequencing viral cDNA. Genome titers (genome equivalents [eq]) and infectious units (PFU) were determined for each stock as described below.
Surface glycan depletion. Surface glycans were depleted from RAW cells by treatment with either Vibrio cholerae neuraminidase (N7885; Sigma-Aldrich) for 2 h or D-threo-1-ethylenedioxyphenyl-2-palmitoyl-3-pyrrolidino-propanol (D-threo-P4) (45) for 72 h, as described previously (56) To confirm a reduction in cell surface glycans, treated cells were incubated with 2 g/ml Alexa Fluor 647-labeled wheat germ agglutinin (WGA) (Invitrogen) in 1ϫ phosphate-buffered saline (PBS) plus 20 mM sodium azide for 1 h on ice. The unbound WGA was washed off three times with ice-cold PBS, and the cells were fixed in 1ϫ PBS plus 2% paraformaldehyde plus 1% fetal calf serum plus 20 mM sodium azide for 10 min. The cells were washed in PBS and resuspended in 500 l PBS plus 1% fetal calf serum for analysis by flow cytometry using FACScanto (Becton, Dickinson), and WGA binding was quantified by calculating the mean fluorescence intensity (MFI) of treated over untreated cells using FlowJo software (Tree Star Inc.).
Binding assays. Binding assays are based on previously reported binding studies (56) , but normalizing the inoculum to genome equivalents (eq). After the depletion of surface glycans, cells were washed twice with 2 ml PBS per well and incubated with 200 genome eq per cell for 60 min on ice in a volume of 0.5 ml. Unbound virus was removed after 1 h by washing three times with 1 ml ice-cold PBS. Cells were resuspended in 140 l PBS and frozen at Ϫ80°C before RNA extraction and quantification by quantitative reverse transcription-PCR (qRT-PCR).
Quantification of MNV titers. To measure MNV genome titers in tissue culture, total RNA was extracted using the QIAamp viral RNA minikit (Qiagen) according to the manufacturer's recommendations and resuspended in 50 l AVE buffer (Qiagen). Viral cDNA was reverse transcribed using a 5-l RNA suspension in a reaction volume of 35 l as previously described (56) and used for quantitative PCR (TaqMan qPCR) on an Applied Biosystems 7500 fast real-time PCR system in a reaction volume of 20 l using previously described primers, probe, and qPCR conditions (56) . Genome eq were determined based on the MNV-1 cDNA standard.
To measure genome titers in mouse tissue or feces, samples were submitted to the Research Animal Diagnostic Services (Charles River Laboratories, Wilmington, MA) for qRT-PCR and analyzed as described previously (58) .
To measure infectious virus, plaque assays were performed on duplicate samples in the case of tissue culture experiments or from homogenized tissue samples as previously described (24, 56, 61) . Titers are presented as plaque-forming units (PFU) per ml.
Statistics. Statistical analysis of the binding assays was performed using a two-tailed unpaired t test on log 10 -transformed titers. Differences are shown as percentages relative to the control treatment and presented as means Ϯ standard errors of the means (SEM) of duplicate samples from at least three independent experiments. Statistical analysis of the virus load in mouse tissues between strains was performed using the nonparametric Mann-Whitney rank-sum test. All statistical analyses were carried out using the Prism software package (GraphPad Software).
RESULTS
MNV binds glycolipids and glycoproteins on murine macrophages in a strain-dependent manner. We previously demon- strated that three MNV strains (MNV-1.CW3, WU11, and S99) bind to primary and cultured murine macrophages in a terminal SA-and ganglioside-dependent manner (56) . To expand upon the strain specificities and glycan species, we compared attachment of MNV-1.CW3 and CR3 to RAW cells after removal of terminal SA or depletion of glycosphingolipids and O-or N-linked surface glycans ( Fig. 1 ). CR3 is a field isolate that shares over 95% amino acid identity within the capsid region of MNV-1.CW1, MNV-1.CW3, WU11, or S99 and has similar growth kinetics in vitro (data not shown). Interestingly, CR3 produces smaller plaques (58) , and virus stocks consistently had an increased genome/PFU ratio compared to MNV-1.CW3 or MNV-1.CW1 in RAW cells (data not shown). To avoid compounding effects in our binding analysis due to the difference in noninfectious particles, binding assays were performed with equal genome equivalents of each virus, using 200 genome equivalents per cell. For all studies, mitochondrial dehydrogenase activity as a measure of cell viability was monitored using WST-1 (Roche), and viability remained above 85% in all experiments (data not shown). We furthermore validated that the respective treatments resulted in changes in cell surface glycans by measuring the reduction of cell surface SA by using Alexa Fluor 647-labeled wheat germ agglutinin (WGA; Invitrogen) with flow cytometry.
To measure the effect of terminal SA depletion on MNV attachment to macrophages, RAW cells were pretreated with neuraminidase and incubated with MNV-1.CW3 or CR3. Neuraminidase treatment reduced binding of WGA by 68% Ϯ 6% at the highest concentration of neuraminidase (25 mU/ml), indicating that our treatment effectively removed SA-containing side chains (Fig. 1F) . At the same concentration, MNV-1.CW3 binding was significantly reduced by 61% Ϯ 8%, while binding of CR3 was increased by 22% Ϯ 12% (Fig. 1A) . This confirmed that MNV-1.CW3 binding to murine macrophages is terminal SA dependent (56) and suggested that CR3 binds other cell surface moieties. Similarly, pretreatment with D-threo-P4, an inhibitor of glycosphingolipid synthase (35, 45) , reduced MNV-1.CW3 binding by 70% Ϯ 5% but significantly increased CR3 binding by 65% Ϯ 35% at 200 nM (Fig. 1B) . Our previous work demonstrated that under the same conditions, D-threo-P4 treatment of RAW cells reduces GD1a ganglioside levels by 93% (56) . Thus, the observed increase in CR3 binding may indicate that the removal of glycosphingolipids from the cell surface exposed previously inaccessible CR3 binding sites. Overall, these results confirmed our previous findings that MNV-1.CW3 requires terminal SA and gangliosides for macrophage binding (56) and determined that CR3 binding was independent of gangliosides and terminal SA.
Because internal SA are resistant to neuraminidase treatment (28) and competition with lectins specific for ␣2,6-linked SA affected MNV-1 infection of murine macrophages (56), glycoproteins were analyzed as alternative attachment receptors. RAW cells were treated with inhibitors of N-linked glycosylation, tunicamycin (14, 59) , or PNGase F (34), as well as an inhibitor of O-linked glycosylation, benzyl-N-acetyl-␣-D-galactosaminide (benzylGalNAc) (6, 33) , before incubation with MNV-1.CW3 or CR3. Treatments with 5 g/ml tunicamycin and 2.4 mM benzylGalNAc reduced binding of our control, WGA, by 40% Ϯ 10% and 18% Ϯ 8%, respectively (Fig. 1F) . The different degree of sialic acid removal by each treatment reflects the relative abundance of N-linked versus O-linked surface glycoproteins (18) . With regard to MNV, tunicamycin treatment reduced CR3 binding to murine macrophages in a dose-dependent manner, while MNV-1.CW3 was only affected at the highest concentration (Fig. 1C) . At the highest tunicamycin concentration (5 g/ml), binding of MNV-1.CW3 and CR3 was reduced by 70% Ϯ 11% and 94% Ϯ 5%, respectively, indicating that both strains bind to N-linked glycoproteins on the macrophage surface. On the other hand, only MNV-1.CW3 binding but not CR3 binding was reduced by 47% Ϯ 1% at the highest concentration of benzylGalNAc (2.4 mM).
To independently verify the importance of N-linked glycans for MNV-1 and CR3 binding and to rule out secondary effects of tunicamycin treatment on global alterations in cell surface protein makeup, RAW cells were treated with the endoglycosidase PNGase F, which removes high-mannose N-linked glycans from glycoproteins (40) (Fig. 1E) . At the highest concentration of PNGase F (50,000 U/ml), MNV-1 binding was reduced by 98% Ϯ 1% and CR3 binding was reduced by 58% Ϯ 10%, confirming that both MNV strains depended on N-linked glycans for macrophage cell surface attachment. Unfortunately, we were unable to per- Results of all assays are presented as means Ϯ SEM from three to four independent experiments. Statistical analysis was performed using the two-tailed unpaired t test. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001; ****, P Ͻ 0.0001.
form such independent verification in the case of O-linked glycans, as to the best of our knowledge there are no drugs that exclusively remove O-linked glycans.
Overall, these data show that MNV-1.CW3 and CR3 require different glycans for attachment in vitro and indicate that glycan binding for MNV is strain dependent ( Table 2) .
CR3 displays an altered infectivity profile in vivo compared to MNV-1. To investigate whether MNV strains with different in vitro glycan-binding phenotypes differ in their in vivo tissue tropisms, 7-week-old C57BL/6 mice were infected with 1 ϫ 10 6 PFU/ml of MNV-1.CW1 or CR3. Tissues were harvested from multiple regions of the intestine, mesenteric lymph nodes (MLN), liver (LI), lung (LU), and spleen (SP) at 2 or 35 dpi and measured by plaque assay or qRT-PCR, respectively ( Fig. 2A) .
At 2 dpi, MNV-1.CW1 and CR3 were consistently detected in the proximal ileum (PI), distal ileum (DI), and MLN and sporadically detected in LU, LI, and SP (Fig. 2B) (data not shown for LU) . In addition, CR3 was only sporadically detected in the stomach (ST), while MNV-1 was sporadically detected in the cecum (CE) and was absent from ST, jejunum/duodenum (J/D), and colon (CO). CR3 viral loads were consistently detectable and significantly higher in the J/D, PI, CE, and CO compared to MNV-1.CW1 viral loads. Infectious particles in the feces were only sporadically detected for both strains, suggesting shedding was limited at this time point.
CR3 persistently infects C57BL/6 mice for at least 35 days (58). Therefore, we extended our comparison to this late time point and used the more sensitive qRT-PCR assay instead of the plaque assay to detect viral genomes (Fig. 2C ) (data not shown for LU). MNV-1.CW1 genomes were sporadically detected in PI and DI at 35 dpi . Three sets of two mice were sacrificed during acute infection at 2 days postinfection (dpi), and three sets of three mice were sacrificed during persistent infection at 35 dpi and analyzed by plaque assay or qRT-PCR, respectively. (B) Tissues were harvested 2 dpi, and viral titers were determined by plaque assay from liver (LI), spleen (SP), mesenteric lymph nodes (MLN), stomach (ST), jejunum/duodenum (J/D), proximal ileum (PI), distal ileum (DI), cecum (CE), and colon (CO) and single fecal pellets from the colon (FE). (C) Viral loads at 35 dpi were determined by qRT-PCR. For all data, the limit of detection is represented by the dashed line. Titers from each mouse are represented by a circle, and medium titers are indicated by a horizontal line. Significant differences in titers between CR3 and MNV-1 were determined using the nonparametric Mann-Whitney test. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001; ****, P Ͻ 0.0001. in individual mice, suggesting that MNV-1.CW1 may not always be completely cleared from C57BL/6 mice. Significantly higher levels of CR3 were consistently detected in DI, CE, CO, and feces and sporadically detected in ST, J/D, LI, and SP, while being absent from MLN and LU. The presence of CR3 but not MNV-1.CW1 genomes in feces confirmed that CR3 is persistently shed for weeks. These data demonstrated that MNV-1.CW1 and CR3 differ significantly in their tissue tropisms, raising the intriguing possibility that differential glycan usage contributes to organ distribution and persistence in the gastrointestinal tract.
Mapping of a glycan-binding site in the MNV-1 P domain. To test whether glycan binding contributes to tissue tropism, we first set out to map a glycan-binding site in the MNV-1 capsid. Because the human norovirus P domain contains carbohydrate-binding sites (e.g., see reference 51), we hypothesized that this may also be the case for MNV. In order to map a putative glycan-binding domain in MNV, the amino acid sequences of the capsid proteins of three neuraminidase-sensitive strains, MNV-1.CW3, WU11, and S99, were compared with those of the neuraminidase-resistant strain CR3. Based on the alignment, eight amino acids unique to CR3 were identified within the capsid protein that could account for neuraminidase resistance-two in the shell (S) domain and six in the P domain (Fig. 3A) . The latter six amino acids were then located in our recently determined high-resolution crystal structure of the MNV-1.CW1 P domain (57) (Fig. 3B) . Four amino acids, K345, I439, T441, and A442, were localized at the surface of the P domain and therefore hypothesized as the ones most likely to interact with host glycans. A comparison of these amino acids in an alignment of 45 known MNV capsid sequences showed that the exchanges K345R and I439V were exclusively found in CR3, while T441S and A442S sporadically appeared in other strains (Fig. 3C) . To test whether amino acids 345, 439, 441, and 442 in the MNV capsid constitute a glycan-binding site of functional importance during host cell attachment, we used reverse genetics to exchange these amino acids in MNV-1.CW1, the background of the reverse genetics system (60), with the corresponding amino acids from CR3. Recombinant viruses MNV-1.K345R, MNV-1.VSS, and MNV-1.RVSS were successfully rescued and showed similar growth kinetics at low (0.05) and high (2.0) multiplicities of infection (MOI) to those of CR3, wild-type MNV-1.CW3, and recombinant MNV-1.CW1 in RAW cells (Fig.  3D) (data not shown) . This demonstrated that the introduced mutations did not significantly alter the infection of murine macrophages in tissue culture and enabled further functional studies.
Functional characterization of a glycan-binding site in MNV-1. To investigate whether amino acids K345, I439, T441, and A442 constituted a functional host attachment site, glycanbinding profiles between the recombinant wild-type MNV-1.CW1 and mutant MNV-1.RVSS were determined. Depletion of terminal SA by pretreating RAW cells with neuraminidase resulted in a significant reduction (by 74% Ϯ 7% at 25 mU/ml) of MNV-1.CW1 attachment, while no significant changes were observed in MNV-1.RVSS attachment (Fig. 4A) . Recombinant viruses with partial mutations of the glycan-binding site, MNV-1.K345R and MNV-1.VSS, did not show significantly altered neuraminidase sensitivity compared to MNV-1.CW1 (data not shown). This suggested that all four amino acids contribute to SA binding and demonstrated that MNV-1.CW1, but not MNV-1.RVSS, requires terminal SA for host cell binding. A different pattern was observed following glycosphingolipid depletion (Fig.  4B) . Macrophage binding of both viruses MNV-1.CW1 and MNV-1.RVSS was sensitive to D-threo-P4 treatment and was significantly reduced by 44% Ϯ 15% and 72% Ϯ 10%, respectively, at the highest concentration (Fig. 4B) . This suggested that while MNV-1.RVSS binding is independent from terminal SA, it still binds glycosphingolipids, by binding either to internal SA or to the glycan backbone.
In addition, the binding patterns of both viruses upon depletion of N-or O-linked glycoproteins were analyzed (Fig. 4C, D , and E). Tunicamycin treatment reduced binding of MNV-1.CW1 by 95% Ϯ 1% at 5 g/ml (Fig. 4C) , while benzylGalNAc treatment almost completely abolished binding, even at a lower concentration (by 99% Ϯ 0.1% at 0.24 mM) (Fig. 4D) . In addition, PNGase F treatment reduced MNV-1.CW1 binding by 74% Ϯ 8% and MNV-1.RVSS binding by 95% Ϯ 4% (Fig. 4E) . This indicated that recombinant MNV-1.CW1 also required glycoproteins for binding to macrophages.
Of note is that MNV-1.CW1 binding compared to MNV-1.CW3 binding was significantly more reduced following benzylGalNAc treatment at all concentrations (P Ͻ 0.001) (compare Fig.  1D and 4D ) and after a 5-g/ml tunicamycin treatment (P ϭ 0.0124) (compare Fig. 1C and 4C) . The capsid proteins of MNV-1.CW3 and MNV-1.CW1 differ in only one amino acid position (K296E) (61) . The change of K (positive) to E (negative) altered the charge of this single residue, while the surrounding amino acids Phe297, Glu298, and Val304 were uncharged and not altered. This indicated that the increased glycoprotein dependency of MNV-1.CW1 is linked to amino acid 296 and suggested that this residue contributes to the overall glycan-binding epitope. Interestingly, binding to cultured macrophages by MNV-1.RVSS, which harbors the glutamic acid residue at position 296 like MNV-1.CW1, was only reduced by N-linked glycan depletion (by 69% Ϯ 12% at 5 g/ml tunicamycin and by 74% Ϯ 8% with 50 kilo units [KU]/ml PNGAse F) but not benzylGalNAc treatment (Fig. 4C, D, and E) . This suggested that the RVSS mutations may contribute more strongly to overall N-glycan binding and may override the contribution of E296 to O-linked glycoprotein binding.
Overall, these data supported our hypothesis that amino acids K345, I439, T441, and A442 in the MNV-1 capsid constitute a functional host attachment site linked to terminal SA binding to which amino acid 296 contributes.
Glycan binding contributes to MNV's tissue tropism. To investigate, whether the interaction of MNV with surface glycans contributes to the pathogenesis of the virus, the tissue tropism of recombinant MNV-1.CW1 and MNV-1.RVSS was analyzed (Fig.  5) . Seven-week-old C57BL/6 mice were infected with MNV- Statistical analysis was performed using the two-tailed unpaired t test. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001. KU, kilo units.
1.CW1 or MNV-1.RVSS as described above ( Fig. 2A) . At 2 dpi, significant changes in viral titers between MNV-1.CW1 and MNV-1-RVSS were observed in the MLN (6-fold) and the DI (9-fold). Similar virus loads were observed in the PI, while all other sites had no or only sporadically detectable titers. At 35 dpi, the MNV-1.CW1 and MNV-1-RVSS genomes were only sporadically detected (data not shown), suggesting that persistence is not linked to glycan binding. Furthermore, the glycan-binding site comprising amino acids 345, 439, 441, and 442 is not linked to observed differences in the large intestinal tropism of MNV-1 and CR3. Taken together, these data indicated for the first time that glycan binding may contribute to the tissue tropism of MNV.
DISCUSSION
Virus-receptor interactions are important for a successful infection and a major determinant for cell, tissue, and species tropism (48) . Understanding these interactions at a molecular level is critical in elucidating how a virus infects its host and may provide insights into new antiviral targets. Thus, in this study, we present a comparative analysis of glycan binding profiles of two MNV strains in vitro and infection in vivo and report the first functional glycan-binding epitope for a GV norovirus. These experiments came to several conclusions.
First, MNV binding to permissive murine macrophages was strain dependent (summarized in Table 2 ). Our previous observations demonstrate that MNV strains MNV-1, S99, and WU11 use terminal SA on the ganglioside GD1a as an attachment receptor on murine macrophages (56) . However, since neither terminal SA nor glycosphingolipid depletion completely abolished macrophage binding, we investigated whether MNV binds to additional host cell components. Here, we showed that MNV-1 also adhered to glycoproteins on the surface of macrophages. Furthermore, binding of the fecally isolated MNV strain (CR3) to macrophages was resistant to terminal SA and ganglioside depletion or benzylGalNAc treatment but depended on N-linked glycoproteins. Our data indicated that MNV, similarly to human norovirus (13, 52) , may have evolved multiple strategies to bind distinct glycan receptors on the cell surface. Interestingly, a strain-dependent SA-binding phenotype is also observed in rotaviruses, where animal rotaviruses bind terminal SA in a neuraminidase-sensitive manner, while the neuraminidase-insensitive human rotaviruses attach to internal SA, which are inaccessible to neuraminidase cleavage (12, 17, 54) . Additional studies are required to determine whether the neuraminidase-insensitive CR3 strain can utilize internal SA moieties during attachment. Second, MNV strains showed different peak titers in the intestine and exhibited different tissue tropisms, particularly in the large intestine. Recent reports demonstrate that several MNV strains, including CR3 and MNV-3, exhibit differences in tissue tropism and persistence compared to MNV-1 (29, 58) . Our data support these observations and demonstrated that a tropism for the large intestine is not unique to MNV-3, but also is observed with CR3. In addition, similar to MNV-3 (29), CR3 also reached significantly higher peak titers within the intestine compared to MNV-1. Previous work concluded that MLN are a site for persistent replication because persistent strains such as CR3, but not acute strains (i.e., MNV-1), were present in the MLN at 35 dpi (58) . Interestingly, we were unable to detect CR3 genomes in the MLN despite high genome titers throughout the intestine (Fig.  2B ). This may be due to a different passage virus stock or inoculation dose but suggested that while replication in the MLN may contribute to persistence, it is not a prerequisite.
Third, we identified a novel functional glycan-binding epitope in the MNV-1 capsid comprising amino acids 345, 439, 441, and 442 using mutagenesis. A comparison of the capsid protein amino acid sequences of the neuraminidase-sensitive strains MNV-1.CW3, S99, and WU11 with the neuraminidase-resistant CR3 strain identified unique amino acid residues within the CR3 capsid protein. Using reverse genetics, we generated recombinant MNV-1 viruses with amino acid residues from CR3, specifically MNV-1.VSS (I439V, T441S, and A442S), MNV-1.K345R, or the double mutant MNV-1.RVSS (K345R or I439V, T441S, or A442S), to test whether the CR3 residues could confer neuraminidase resistance to MNV-1-macrophage binding. This was indeed Fig. 2 were regraphed for clarity. Titers from each mouse are represented by a circle, and medium titers are indicated by a horizontal line. Significant differences in titers between MNV-1 and RVSS were determined using the nonparametric Mann-Whitney test. *, P Ͻ 0.05; **, P Ͻ 0.01. the case, and the combined mutations of all four amino acids in MNV-1.RVSS changed the terminal SA-binding phenotype of the neuraminidase-sensitive MNV-1.CW1 to the neuraminidase-resistant CR3 phenotype (Fig. 4) . Therefore, the amino acids K345, I439, T441, and A442 form a conformational epitope that contains a functional glycan-binding site with a role in terminal SAdependent host cell attachment. Interestingly, the same pattern did not repeat after D-threo-P4 depletion, and MNV-1.RVSS binding was reduced, while CR3 binding was increased. However, since these two viruses differ in additional amino acids in the capsid (although not surface exposed), we cannot rule out subtle changes in the overall protein structure. In the future, structural analysis of the protein-ligand interaction is needed to determine whether this epitope directly interacts with terminal SA moieties or whether structural differences exist between the MNV-1 and CR3 capsids.
Fourth, the conformational glycan-binding epitope comprising amino acids 345, 439, 441, and 442 contributed to MNV tissue tropism in vivo. The generation of two closely related viruses with differences in the in vitro glycan-binding profile enabled studies investigating a link between glycan binding and MNV tropism in vivo. The neuraminidase-sensitive wild-type MNV-1 and the neuraminidase-resistant mutant MNV-1.RVSS differed in peak titers in the DI and MLN during acute infection (Fig. 5) . While this correlation suggested a potential link between the in vitro phenotype and the in vivo tropism, further studies are needed to determine whether changes in tropism are a direct result of a difference in glycan binding between MNV strains or whether this is an indirect effect, e.g., replication efficiency of these viruses in tissues. Recent work suggests that the capsid is required for viral replication but did not identify specific amino acid residues (27) . Furthermore, future studies are needed to investigate whether other parameters of pathogenesis, such as histopathology, are also changed. However, the glycan-binding epitope does not account for the large intestinal tropism, since MNV-1.RVSS did not mirror the CR3 tissue tropism and was absent in the large intestine. This indicated that determinants outside the four residues of the glycan-binding site account for the ability to infect the large intestine. Identification of such determinants will need to await the creation of a CR3 infectious clone.
Fifth, binding of MNV-1 to terminal sialic acids was not solely determined by amino acids K345, I439, T441, and A442 because CR3 and MNV-1.RVSS, which share the same amino acids in this epitope, differed in their terminal sialic acid dependency (summarized in Table 2 ). Our results also indicated a role for amino acid 296 in glycan binding. The capsid proteins of MNV-1.CW3 and MNV-1.CW1 differ in only one amino acid, K296E (61) . MNV-1.CW3 binding to macrophages was significantly less sensitive to benzylGalNAc treatment than MNV-1.CW1, and a similar trend was observed for N-glycan depletions. This indicated that residue K296 directly or indirectly affects cell surface glycan binding via the viral glycan binding epitope (K345, I439, T441, and A442). While identification of specific glycans followed by detailed structural analysis is needed in the future to determine whether residue 296 directly interacts with a glycan, recent structural data demonstrate the flexibility of surface-exposed loops in MNV-1 (57) and provide a potential explanation for an indirect effect. Residue 296 is part of the surface exposed A=-B= loop, which stabilizes the larger E=-F= loop in an open conformation (57) . In a closed formation, the E=-F= loop relocates toward the canyon of the VP1 dimer and comes within 10 Å of amino acid A442 in the glycan binding epitope. This relocation is close enough to potentially mask the glycan-binding epitope or even take part in binding activity. In addition, the change in charge at position 296 (positive Lys versus negative Glu) may also affect binding since a single charged mutation at specific positions can impair O-glycosylation of a single acceptor site (42) .
Interestingly, MNV-1.CW3 and MNV-1.CW1 differ significantly in their virulence in STAT1 Ϫ/Ϫ mice (4, 61). Thus, the observed increased dependence of MNV-1.CW1 on binding to glycoproteins on the macrophage cell surface may contribute to attenuation in STAT1 Ϫ/Ϫ mice, although further experiments are required to directly test this hypothesis.
Sixth, the relative location of the glycan-binding epitope is conserved between human and murine noroviruses (Fig. 6 ). Crystal structure analysis of different GII strains, including VA387 and TCH05 (GII.4), VA207 (GII.9), Vietnam026 (GII.10), and Hiro (GII.12) demonstrate that the HBGA glycan-binding epitope is located in a conserved elevated region in the P domain dimer (8, 22) (Fig. 6B) . The same was true for MNV-1 (Fig. 6A) . Furthermore, a striking resemblance was observed when comparing the locations of the VA387 (GII) and MNV-1 (GV) glycan-binding sites, which are positioned in similar locations on opposite sides of the P dimer interface and at similar points within the amino acid sequence (Fig. 6 ). This suggested that while human and murine noroviruses bind different glycan receptors, the necessity for glycan binding in a specific surface-exposed region of the capsid protein is conserved beyond species barriers. Furthermore, it also raised the intriguing possibility that the choice of specific glycans contributes to species specificity. In support of this, no binding of MNV-1 to available synthetic HBGA has so far been observed (13) despite the ability of MNV RNA to replicate in human cells (60) , and the human ABO HBGA system, which is pivotal for human norovirus infection, does not exist in mice or any other small animal model (16) .
In summary, the results presented in this study provide data on the types of receptor molecules involved in MNV binding of macrophages and indicate that the preference of different strains for specific glycans contributes to the tissue tropism of the virus.
